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Emerging Material Technologies for Haptics

Shantonu Biswas and Yon Visell*

The sense of touch is involved in nearly all human activities, but information
technologies for displaying tactile sensory information to the skin are rudi-
mentary when compared to state-of-the-art video and audio displays, or to
tactile perceptual capabilities. Realizing tactile displays with good perceptual
fidelity will require major advances in engineering, design, and fabrication.
Research over several decades has highlighted the difficulties of meeting the
required performance benchmarks using conventional devices, processes, and
techniques. This has highlighted the important role that will be played by new
material technologies that can bridge the electronic and mechanical domains.
This must occur at the smallest scales, because of the great perceptual spatial
and temporal acuity of the sense of touch. The requirements involved also
furnish valuable performance benchmarks against which many emerging
material technologies are being evaluated. This article highlights recent
research and possibilities enabled through new material technologies, ranging

the footsteps of a fly, and strong enough
to lift heavy suitcases. Skin is densely
perfused by tactile sensory nerve end-
ings and receptors—up to thousands per
square centimeter. Together, they trans-
duce a wealth of mechanical, thermal, or
chemical inputs from the environment
and body into sensory information. These
signals enable us to perceive the objects
and materials we touch, and how we touch
them, and constitute an essential part of
all of our physical actions.

In complexity and performance, the
haptic perceptual system is comparable to
vision and hearing. With it, we can imme-
diately and easily discriminate huge vari-
eties of fabrics according to texture, read

from organic electronic materials, to carbon nanomaterials, and a variety of
composites. Emerging material technologies are surveyed for the sense of
touch, including sensory considerations and requirements, materials, actua-
tion principles, and design and fabrication methods. A conclusion reflects on
the main open challenges and future prospects for research in this area.

1. Introduction

The sense of touch is essential to most physical activities that
sustain and enrich our lives. Human touch sensing is facili-
tated by resources spanning the nervous system, musculoskel-
etal system, and the skin, our largest sensory organ. Together,
these comprise what is referred to as the haptic sense.

The sensory organ of touch is the skin. It is the largest organ
of the body, comprising about 15% of our body mass.l! It is
a marvel of biological engineering, sensitive enough to detect
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braille books via touch, engrave delicate
sculptures, grasp and strike a match, or
perform delicate tasks using a needle. All
of these become difficult to impossible if
touch sensation is absent.”) As a striking
illustration of the great acuity of this
system, consider that the finger, which
is textured by millimeter-scale bumps
and ridges is capable of discriminating
surfaces that differ at the nanometer scale,’! of detecting
nanometer-scale vibrations,l and of locating micrometer-scale
features on flat surfaces.P!

The increasing integration of physical and digital environ-
ments in our daily activities has led to the development and
proliferation of many technologies, from smartphones, to
high definition televisions, and virtual and augmented reality
displays. However, despite the involvement of touch contact
in most real-world activities, information technologies for the
sense of touch have largely lagged behind.

Tactile displays are devices for presenting dynamic tactile
information to the skin. A longstanding engineering goal has
been to realize tactile displays that emulate the sensations felt
during natural touch interactions, much as video and audio
displays are able to reproduce plausibly realistic audiovisual
scenes. When compared with the latter, tactile display technolo-
gies are rudimentary. In fact, despite decades of research, all
practical tactile display devices operate within narrow ranges.
The best available technologies are limited to reproducing small
arrays of pixels, such as Braille characters, and it is unclear how
natural tactile experiences could be enabled with existing tech-
nologies. The reasons for this can be traced to the complexity
of tactile signals, including distributed forces or displacements,
and to the high spatial resolution, dynamic range, and temporal
acuity of the tactile system. Technological challenges include
the complexity of realizing micromechanical devices that can
produce such signals.
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The magnitude of these challenges is motivating growing
research on new methods for the engineering, design, and
fabrication of tactile displays that can match the capabilities
of biological sensing. Conventional micro-electromechanical
system (MEMS) technologies are inadequate for realizing gen-
eral purpose tactile displays, due to the large amplitudes and
large number of degrees of freedom involved. To see why this
is true, consider the simpler category of special-purpose dis-
plays for reproducing Braille text. Braille consists of well-spaced
dots that displace vertically by fixed heights of 0.5 mm. Even
a small Braille display requires hundreds of moving elements
to be packed in a space of a few square centimeters, and costs
thousands of dollars. As explained below, the requirements of
displaying Braille are orders of magnitude less demanding than
what are required to emulate natural tactile signals.

Together, these considerations have led many groups to
conclude that advances in material technologies, and methods
for using them to engineer useful devices, are needed. The
materials of choice for conventional MEMS devices—typically
rigid materials—make it costly and challenging to realize large
arrays of independently displacing elements. One way to miti-
gate such problems is to introduce flexible elements or soft
materials, such as plastic films or soft polymers, that allow
actuated elements to displace without sliding contact. In addi-
tion, haptics frequently involves intimate device contact with
the soft skin of the body. This has motivated many researchers
to focus on compliant materials, in order to improve comfort,
ergonomics, or the efficiency with which mechanical energy is
exchanged with the skin. A smaller, but growing, number of
haptic devices are designed to be skin-conformable or stretch-
able, through the use of soft materials.

In addition to the widespread interest in realizing effective
haptic displays, their engineering has also provided useful per-
formance benchmarks against which emerging active material
technologies can be measured, because of the large challenges
and stringent performance requirements of tactile displays, as
reviewed below.

The range of emerging material technologies that have been
explored for using in engineering haptic devices is large and
growing. It includes organic and inorganic soft materials, nano-
materials, functional fibers or textiles, liquid alloys, and com-
posite materials. Emerging materials also integrate intrinsic
functionalities of smart material transduction. Techniques for
chemically synthesizing and doping these materials make it
possible to greatly tune properties. Many materials of interest
also integrate other attractive properties, including mechanical
compliance or flexibility and optical transparency. The large
range of emerging materials and properties are reflected in
the diversity of the physical mechanisms of actuation that have
been investigated. They include electrostatic, piezoelectric,
electromagnetic, electrorheological, magnetorheological, liquid
crystal, ionic, and fluidic actuation, among others, each with
distinct advantages and disadvantages. Functional devices
invariably also rely on new fabrication techniques and multiple
materials. A wide range of the materials, actuation principles,
design and fabrication techniques are reviewed here.

The next sections of this article are organized as follows.
First, we review elements of the biological sense of touch in
order to distill basic engineering performance requirements for
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tactile displays. Next, we discuss key categories of materials that
have shown promise for realizing such displays, and review the
physical actuation principles that are most often used. Because
the devices of interest rely on unconventional materials,
existing fabrication methods rarely suffice, as we review in the
following section. The last part of this review surveys a wide
array of the tactile display devices that have been realized using
such techniques. We conclude with a discussion of open chal-
lenges, needed advances, and future prospects for this field.

2. Human Tactile Sensing: Biology, Perception,
and Engineering Requirements

An electronic display, such as a video monitor or loudspeaker,
is designed to match the characteristics of the sense modality,
acting as a “mirror for the senses.” This helps ensure that what
is displayed can be perceived, and that resources are not wasted
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in displaying signals outside the perceivable range.”l Examples
of such signals are infrared light or ultrasound. Tactile display
requirements must be informed by characteristics of biolog-
ical touch sensors, tactile perceptual capabilities, and on the
mechanical properties of the skin.

The haptic system, like other perceptual modalities, can
be viewed as conveying several categories of information,
including modality, location, intensity, and timing./l Especially
prominent in haptics is the close involvement of two submo-
dalities—those of sensing and movement—in nearly all natural
perceptual experiences.®l The first, touch sensing, involves the
transduction and transmission of mechanical or thermal sig-
nals into impulses in the central nervous system. The second,
movement, involves the displacement of the limbs or other
body parts when touching an object. These movements pro-
vide the necessary context for the brain to use sensory informa-
tion to perceive the world or interact with it.>°! This integrated
view of haptic perception has facilitated scientific advances and
guided the development of technologies for haptic feedback.
A major challenge in haptic engineering is to realize general-
purpose tactile displays for stimulating localized areas of the
skin in ways that are similar to what is felt when touching
real objects.

2.1. General Anatomy and Mechanics of the Tactile Sensory Organ

The sensory organ of touch is the skin. There are two main
types of human skin. Hairy skin is thinner, and covers most
of the surface of our body. Glabrous skin, which is thicker
and hairless, covers the palmar surface of our hands, fingers,
feet, and toes. Many tactile display technologies are designed
to interface with glabrous skin, which covers the surfaces
of the hands and feet that we use most when interacting with
the external environment. Mechanically, glabrous skin is dis-
tinguished from hairy skin by its greater thickness, harder
exterior (due to keratinization), and high stiffness under large
displacements (due to collagen fiber reinforcement). Also dis-
tinguishing is the presence of epidermal ridges, or fingerprints.
During tactile contact, the frictional properties of glabrous
skin are dynamically altered by secretions from eccrine sweat
glands. Such frictional phenomena are complex. To describe
them would exceed the scope of this review.

The mechanical properties of the skin are nonlinear and largely
vary among persons, skins, sexes, and ages.'”! Typically Young’s
modulus of skin from forearm is in the range of 1-10 kPal'!"12!
which might increase to 15 MPa for forehead.3] Stiffness of
the hand tissues also varies. For instance, Young's modulus of
stratum corneum, epidermis, and dermis are reported to be in
the range of 2.5, 1, and 0.1 MPa, respectively.'*1*] However, it
should be noted that the value of the Young's modulus largely
depends on the measurement method used.

2.2. Sensory Receptors of Touch
The skin captures information about the external environment

through receptors that are responsive to mechanical, thermal,
and noxious (itchy or painful) stimuli.
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Figure 1. Schematic illustration of human tactile receptors in glabrous
skin. Reproduced under the Creative Commons Attribution 3.0 Licensel'l
Copyright 2016, the authors.

Glabrous skin of the hand possesses three main types of
mechanical tactile receptor: Merkel disks (MD), Meissner cor-
puscles (MC), and Pacinian corpuscles (PC)."”? MD and MC
receptors lie immediately below the epidermis, while PCs
are situated in deeper tissues (Figure 1). MDs are the most
numerous of tactile sensory receptors, reaching densities of
500 cm~2 or more in the glabrous skin of the fingertips. MCs
are less numerous by a factor of 5. In adults, PCs number
fewer than 1000 in each hand.l'”'¥l MDs and MCs are too small
to be seen with the naked eye, whereas PCs are much larger,
with lengths on the order of 1 mm. A fourth group of mechan-
ical receptors, present in glabrous skin of humans but absent
in many primates, are Ruffini corpuscles. They cluster around
the nail in humans and act as stretch sensors.[8!

Each type of tactile receptor possesses an associated sensory
neuron type. A single sensory neuron can innervate multiple
receptors. Tactile sensory neurons extend from the skin through
the spinal cord to the brain. This routing is called the medial
lemniscal pathway.”! Individual tactile neurons transmit infor-
mation as action potentials, or spikes, to the brain, encoding
the information necessary for perception. Tactile neurons
associated with different receptor types respond differently to
mechanical stimuli applied to the skin.'*l We summarize some
properties of tactile receptors in Table 1. MDs produce sus-
tained responses to static skin deformation. MCs and PCs are
very sensitive to fast changes, including oscillating stimuli, and
produce little output in response to static stimuli. The shallow
locations of MC and MD receptors cause their responses to very
low amplitude stimuli to be confined to nearby regions of skin
because stimuli applied at larger distances yield sub-threshold
strains at the receptor location. PCs are exquisitely sensitive,
capable of responding to transient, nanometer-scale skin defor-
mations. The skin efficiently transports transient or oscillating
mechanical stimuli,?”! enabling individual PCs to respond to
light contact over large areas of the hand.

Tactile receptor types can respond to oscillating stimuli
applied to the skin within different frequency bands (Table 1).
PCs respond over the widest frequency range, from tens of Hz
up to nearly 1000 Hz depending on the stimulus amplitude and
location.?®l For a wide amplitude and frequency range of such
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Table 1. Summary of tactile receptor properties in human glabrous skin.[!'-24l Such properties must be understood in light of complex amplitude-
and stimulus-dependent response characteristics noted in the text. Multiple receptors may be innervated by the same nerve fiber, such that innerva-
tion densities can be lower by a factor of 1-10 or more.l?l Due to skin mechanics, touch contacts in even simple natural interactions elicit responses

from multitudes of tactile neurons of all types.

Tactile receptor Density, max. [cm™]

Response area at low amplitudes [mm]

Frequency range [Hz] Preferred stimuli

Merkel disks (MD) 500+ 0.5
Meissner corpuscles (MC) 100+ 3-4
Ruffini corpuscles 10+ 10+
Pacinian corpuscles (PC) 20+ 20+

0-100+ Slowly varying
10-300+ Transient, oscillating
0-300+ Sustained
20-800+ Transient, oscillating

oscillating stimuli, individual PCs produce precisely one or two
phase-locked spikes on every cycle of oscillation, irrespective
of frequency and amplitude.””] As the stimulus amplitude is
increased, larger numbers of receptors respond. Thus, while it
is common in the engineering literature to provide simplified
descriptions of tactile receptors in terms of filter response char-
acteristics, such a description is fundamentally flawed. Further-
more, touch contact in natural interactions elicits responses
from numerous tactile receptors of all types.”! These responses
converge and are integrated at early stages of perceptual pro-
cessing in the brain.[®!

2.3. From Sensation and Perception

The exquisite sensitivity of tactile receptors is reflected in per-
ceptual abilities. A single spike from a tactile neuron is suf-
ficient to elicit a conscious percept.’! This capacity is thought
to facilitate rapid detection and classification of tactile con-
tacts in the brain.”! Each tactile contact results in large volleys
of such spikes being transmitted to the brain. Using these
inputs, humans can perform remarkable feats of perception.
They can distinguish textured surfaces with spatial structure
at the nanometer scale.’l When feeling an otherwise flat
object, humans can locate raised surface elements less than a
micrometer in height.’] They can also effortlessly discriminate
the textures of thousands of surfaces and materials,!"® such as
the many textiles in a fabric store.

2.4. Implications for Tactile Display Design

From the foregoing discussions, an idealized tactile dis-
play matching the organization and capabilities of the tac-
tile sense could be considered to require spatial resolutions
approaching the micrometer scale. For a tactile display with
dimensions of 1 cm x 1 cm, this would demand an array
on the order of 10 000 x 10 000 moving elements packed in
an area of 1 cm?. Because the range of tactile displacements
we are sensitive to is large (from about 107 to 10 m), each
such unit should be capable of displacing by 1 mm or more
(even if the relative displacement of adjacent units can be con-
strained to a smaller value). To match the maximum tactile
temporal resolution, such a display would also need to possess
a bandwidth approaching 1000 Hz. If worn on the finger, or
mounted as a fixed display on a surface, such a device could
simulate a vast array of surfaces, objects, and materials with
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reasonable perceptual fidelity, providing a tactile analog to a
high-definition television.

Today, however, no device or technology can come close to
meeting such requirements, and the shortcomings amount
to several orders of magnitude. While this gap may require
research over many years to be fully bridged, tactile capabili-
ties are limited in other ways that can simplify the engineering
of practical displays. For example, distinct tactile subsystems
are associated with high temporal resolution (PC receptors)
and high spatial acuity (MD receptors).?”) This could enable
a decomposition of engineering devices into high frequency
and high spatial resolution subsystems. Further, while the
requirements for an idealized display are daunting, a com-
parison may be drawn with the history of video technologies.
Video displays of lower resolution than human visual acuity,
and of more limited dynamic range, have enabled compel-
ling experiences, which have been used in applications from
cinema to virtual reality. Other limitations in perceptual pro-
cessing are reflected in perceptual equivalencies and in tactile
illusions.*% These often point to potential strategies for tactile
display design. Nonetheless, the large gap between existing
technological capabilities and tactile perceptual abilities indi-
cates that new technologies and engineering approaches
are needed, and among the most promising are emerging
material technologies.

3. Emerging Materials for Haptic Devices

The challenges of realizing a general-purpose tactile display
are now recognized by a growing cadre of researchers. The
required capabilities exceed what is possible with conventional
devices, such as MEMS. Consequently, there is an increasing
interest of new material technologies that might overcome
these difficulties.*'34 Motivation for this interest has also been
driven by the large contemporary research activity in materials
science and engineering.

For last couple of decades, the material engineers have added
a new direction in their research that expanded from devel-
oping bulk materials to realizing smart functional materials.
This expansion is due to the limitations of the conventional
electronic materials since next generation devices will require
advanced functionalities such as mechanical flexibility or trans-
parency that is no longer possible to achieve using conventional
materials. Moreover, smart materials such as some polymers
demonstrate functionalities that cannot be observed in, for
instance, Si-based devices.
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Another important aspect of introducing new materials type
is technology related, i.e., scaling effect. To give an example, Si-
based electronic devices are typically limited by their size. Till
this day, no technology exists that is capable of producing
continuous devices in large scale or roll-to-roll manner using
conventional rigid materials such as Si, which is highly
demanding nowadays. On the other hand, required technology
to realize polymer based devices often can be large scale or roll-to-
roll. Moreover, processing of polymers is simple and cost-effective,
and typically environment friendly.

Considering these issues, engineers have developed a
large number of smart materials with desired functionalities.
In the following sections we will review some of the
emerging materials which have been widely used to realize
haptic devices.

3.1. Soft Materials

A key reason that many soft materials have been considered to
be well suited for tactile displays is their mechanical compli-
ance. Tactile displays comprise interfaces with the skin. Skin
is mechanically soft compared to many conventional devices
made from rigid and brittle materials. A display that can match
the compliance of the skin may improve mechanical trans-
mission, and aid ergonomic comfort.1>3¢ Furthermore, many
examples in nature demonstrate how novel functionality can be
enabled through the use of soft materials, rather than the hard
materials of conventional mechatronic systems. Soft materials
include liquids, gels, colloids, polymers, foams, and biological
tissues. While an important class of these materials involves
polymers, many inorganic materials also fall in this category.
They include water, ionic solutions, and eutectic metal alloys—
metal conductors that are liquid at low temperatures.323537-43]

Natural rubber is a material that has been used since ancient
times, including many early robotic and sensing applica-
tions.[*#*] Synthetic polymers, such as silicone elastomers,
can have tunable properties. They have been widely used for
daily products such as food packaging, surface coating, and
medical components, and are increasingly used in intrinsically
soft electronics, sensors, and actuators, including tactile display
devices.[*647]

3.2. Organic Materials

An especially relevant area of research in materials science
and engineering is connected to advances in organic mate-
rials. This category of materials includes many that, alone
or in composites, can be used to realize actuators suited
for tactile display applications. Organic materials have sev-
eral properties that make them attractive for realizing actu-
ated devices.3®*8 They can be designed and synthesized to
have properties that are matched to application needs. They
can often be processed in solution, aiding large surface area
applications. Some of them possess, or can be endowed with,
attractive properties including electronic or ionic function-
ality, flexibility or stretchability, and self-healing. They can
be patterned and formed into functional composites using a
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growing library of techniques, including photolithography,
laser micromachining, and many other methods, as reviewed
below (Section 5).

3.3. Emerging Nanomaterials

One of the most popular emerging materials for device tech-
nology is nanomaterials. The physical properties of the mate-
rials in nanoscale vary largely from the bulk and can be
controlled very precisely which is essential to achieve high
performance devices. Graphene is one of the examples of
nanomaterials that has been widely investigated and used for
high performance devices since it shows high conductivity
and mechanical flexibility, and at the same time it can be
transparent.*°% Other nanomaterials such as nanoparticles,
nanowires, thin film have been used to realize haptic devices.
For example, nanoparticles and nanowires are often mixed
with polymers to increase the dielectric property or conduc-
tivity of the materials to realize functional haptic devices.'~>3!
Carbon nanotubes (CNTs) and black carbon also have been
used in similar manner to demonstrate functional haptic
devices.P4

There are also polymer based nanomaterials showing excep-
tional properties that are absent in the bulk. For example,
nanoporous or mesoporous polymer materials show extremely
high specific areas compared to the bulk that can influence the
device performance.>-7]

3.4. Composite Materials

Another emerging area of research comprises functional com-
posite materials, including textiles and fabrics. While functional
fabrics have been available for decades, only recently have inte-
grated textile devices become possible, and there is growing
interest in new methods for using them to produce working
devices and systems, including electronics.l*®l

There are a wide range of liquid materials that have been
used to realize functional haptic devices. These include
liquid alloy, rheological fluids,P*% liquid crystals,6162 and
gels.[03%4 Many of these emerging materials demonstrate
special functionality which is preferable for some particular
applications. For example, electrorheological fluid (ERF) and
magnetorheological fluid (MRF) are two rheological fluids
that change their viscosity based on applied electric or mag-
netic field, respectively. Moreover, most of these composite
liquids are often realized by mixing different materials which
also provides additional degrees of freedom to modify the
material properties.

There are other nonconventional materials that have been
used to demonstrate haptic devices such as electroactive paper
(EAPap).P3 A short list of examples of haptic devices based on
emerging materials has been summarized in Table 4. Unique
properties and functionalities of these individual or composite
materials enable wide range of actuation mechanisms which
is essential to realize functional haptic devices. In the next
sections we will discuss different actuation principle based on
these emerging materials.
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4. Physical Principles of Actuation via Emerging
Materials

An actuator is a transducer from an input energy source
into mechanical energy resulting in a displacement (strain),
or forces (stresses). Occasionally, the term actuator is also
used to describe thermal output devices. Actuators are thus
an essential element of any tactile display. They can be char-
acterized by the source of input power (commonly electrical,
mechanical, or thermal) and physical means of conversion
to mechanical energy. They exert forces on the human body,
or exchange heat, to stimulate the tactile sense.[ Many
actuation mechanisms have been adapted to realize tactile
displays. This review is focused on emerging material tech-
nologies. As such, more established technologies, including
electric motors, shape-memory alloys, and many others,
are not reviewed, as these are well-covered in other articles
and textbooks.

4.1. Fluid-Driven Elastic Polymers

Among the simplest applications of polymer materials in haptic
actuators are fluid-driven devices. Fluid-driven actuators use
a working fluid to transfer energy from source to the device,
through the application of pressure or volume change. The
choice of fluid depends on application needs. Compressible
fluids, such as air, are lightweight and low viscous. However,
they can be slow to respond, and can require good sensing and
control in order to compensate for dynamics and losses. Incom-
pressible fluids, such as water or oil, are amenable to producing
large forces, and to actuating at high speeds. However, incom-
pressible fluids have higher viscosity, and are heavier.[°0-%8] The
rapid pressure losses that result from reductions in volume can
make them difficult to control. A large variety of fluid-driven
actuators has been developed. Soft fluidic actuators are also
typically patterned so as to differentiate the effective stiffness
in selected areas.

Here, we confine our discussion to fluid-driven actuators for
haptic devices, including tactile displays. A major category of
these devices consists of pneumatic or hydraulically actuated
silicone elastomer structures. In this section, we also briefly
discuss broader applications in haptics, which involve the
delivery of vibration, compression, or strain to large areas of
the human skin, often at lower resolutions than are needed for
tactile display.

4.1.1. Compressible Fluids

In practice, all fluids are compressible to some degree. Here,
we focus on gases, such as air, which is arguably the basis of
the most widely used soft actuators. Air actuators are also called
pneumatic actuators. They use positive or negative pressure to
transfer energy and to perform mechanical work. Pneumatic
actuators produce strain via the movement of fluid within a
cavity. Fluid motion may be produced through the motion of
a piston, pump, or bellow, yielding linear motion, or (less com-
monly) rotational motion.
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A detailed physical modeling of a pneumatic actuator
requires in-depth analysis of the entire system, which creates
complexities. Generally, compressible fluids are governed by
the ideal gas law, pV = nRT, where, p, V, and T are the pressure,
volume, and temperature, respectively. A consequence of this is
the relation for a closed system, n = constant, near thermody-
namic equilibrium one has

Vi _ Vs (1)
T T

where, the subscripts 1 and 2 refer to two different states
equilibrium of the system. The total energy of the system for
a quasi-steady state flow of any incompressible fluid is con-
served. Sources of energy include kinetic energy, potential
energy, and thermodynamic energy, which involves entropy and
heat exchange. Energy conservation implies that sum of these
terms is constant. This conservation principle can be expressed
through Bernoulli's equation

2
L +y+e+ P_ constant (2)
2 p

where, v is the fluid velocity, p is the density, y is the poten-
tial energy, and € is the thermodynamic energy, all expressed
per unit mass of the fluid. The last two terms in this equation
constitute the enthalpy of the system. Alone, these equations
are not sufficient to model pneumatic actuators, as energy
exchange with other system elements and the environment
must be accounted for.

Many fluidic actuators have been proposed based on flex-
ible or stretchable polymer structures. They comprise two
main groups: balloon-based and thin film-based actuation.
Thin film-based actuators consist of flexible or stretchable
films charged with air. These films may be enclosed, or
laminated or bonded onto a stiffer silicone, fabrics, or other
material. They expand or collapse depending on the applied
pressure and any stiffness constraint arising from the com-
posite structure. Balloon actuators, in contrast, can operate
in several different modes, including bending, twisting, or
elongation. This is possible due to their asymmetric shape,
which can be altered through composite structures with
varying stiffness. Such fluidic actuators can be operated in
different modes, including suction, or negative pressure,
pressure-induced bending, twisting, expanding, and tran-
siently via vortices.

The most common materials used in fluidic actuators for
haptic applications are soft silicone elastomers, such as poly-
dimethylsiloxane (PDMS) and platinum catalyzed silicone
elastomer (for example, EcoFlex, Smooth-On Inc., Easton, PA,
USA). One popular approach for the fabrication of such devices
is based on mold casting. In these processes, liquid silicone is
cast, cured, and bonded to a 3D mold in order to create internal
hollow channels for the actuator. 3D printing of silicone elas-
tomers is also used to alter and speed up the fabrication. The
operating rates of the pneumatic actuators are typically gov-
erned by the working pressure, which, together with the device
structure, determines the effective stiffness, k, of the medium.
Working pressure limits are determined by the elasticity of the
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structure, and from safety considerations. Typical frequencies
are 20-30 Hz.">73]

Pressure-driven pneumatic actuators have been used by
several groups to realize soft actuated devices for haptics. As
a simple example, the wearable, restricted-aperture pneu-
matics (WRAP) system of Raitor et al. consisted of wearable
technologies with applications to haptic guidance.®! The
system comprised a thin, flexible polymer cavity with two ports,
an inlet and a vent (Figure 2A). Absent positive pressure, the
actuator remains in an uninflated condition. When a positive
pressure is applied through the inlet, the actuator is inflated,
exerting a pressure on the skin. Of greater interest to the pre-
sent review are pneumatic tactile display devices, such as that
created by Russomanno et al. (Figure 2B), which provide active
tactile feedback.’”) The actuators contain thin elastic mem-
branes comprising cavities that deflect upward, creating surface
features when the cavity is pressurized.

Several examples of pneumatically driven tactile actuators
are reviewed in Section 6, below. Some of those that have
been developed include soft tactile displays’*77! including
pneumatic logic circuits with integrated switching.”® Also

related to these are soft gripperst’>®) or soft robotics.B1-84
A Deflated Inflated

—— jB'I;E Inlet
= e
E il il gl S
w Vent

Pressurized liquid

b |

Deflection

-
-
R S

N,
uy

Cyélic actuator

De-Pressurized iquid

Figure 2. Demonstrations of pneumatic actuators based on soft mate-
rials. A) A general operation mechanism of a pneumatic actuator. Repro-
duced with permission.[® Copyright 2017, IEEE. B) Photographs of a
tactile feedback device based on pneumatic actuation. Reproduced with
permission.’% Copyright 2017, IEEE. C) An example of a hydraulic actu-
ator showing a general operation mechanism. Pressurized liquid leads
to stretching a part of the soft body that leads an undulating motion.
Reproduced with permission.”! Copyright 2016, IEEE.
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The pneumatic actuators are usually simple, do not require
sophisticated mechanisms, and can achieve high moving
speed. Additionally, these actuators are usually cheap and can
be ecofriendly and biocompatible. On the other hand, since
pneumatic actuators use compressible air, the applications
are limited, function at low bandwidth, and show hysteresis
during cycles.

4.1.2. Incompressible Fluids

Actuators using incompressible fluid often employ water or oils
as working media. These are referred to as hydraulic actuators.
The physical principles of actuation for such devices are similar
to those of pneumatic actuators. The incompressibility of the
working fluid prevents input energy from being stored in the
driven fluid. This can provide energetic advantages in some
regimes, and facilitate their application for providing higher
forces. However, in high-speed applications, viscous losses can
become important. When channels are narrow, capillary forces
must be accounted for.

Hydraulic actuators often rely on an effect described by
Pascal's law to amplify forces, F, in response to input pressures,
p. This relation states that F = p x A, where A is the effective
area of the fluid. When the area in different regions of a device
differs, a difference in forces is produced when p is constant.
To draw an illustration, let us imagine a hydraulic tube with
different areas, say A; and A,. If A; < A,, for a constant applied
pressure p the corresponding force F, will be higher than the
F;. Such a system also obeys Bernoulli’'s Equation (2).

A simple example of a hydraulic actuator system consists of
a cylindrical actuator controlling the flow of a driving liquid,
like that proposed by Katzschmann et al. (Figure 2C). The
liquid can, in turn, actuate a soft actuator to produce physical
deformation.”! In this device, the soft actuator is pressurized,
and the soft body stretches while the complement remains
unstretched. This produces an undulating motion. There are
many other examples of soft actuators based on hydraulic
actuation principles. These have found applications on soft
grippers,*) soft robotics,’!®) artificial muscles, 186871 and
training,®® among others. However, relatively fewer soft haptic
actuators have been developed based on such principles.®] An
example of such a system that was used to realize a simplified
tactile display is given in Section 6.

Unlike the pneumatic actuators, hydraulic actuators can
achieve the high bandwidths necessary for high performance
tactile displays. They can also produce high power, but can be
sensitive to rheology or chemistry of the working liquids. In
addition, they may require careful design and maintenance.
Since, hydraulic actuators use incompressible fluids, in some
operating regimes—notably, low-speed flow—little input
energy is lost, providing efficient energy transmission.

4.2. Electrostatic Actuation
Electrostatic actuation has been widely investigated for use in

emerging material actuators. These methods have received con-
siderable attention due to the simple electronic controllability
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they offer, since the source of power is an electric voltage or
current. The simplest example of such a device relies on elec-
trostatic Coulomb forces generated by two charged bodies.*%%!
An elastic dielectric material intervenes between the bodies
providing a mean for transforming electrostatic energy into
mechanical energy and physical deformation. To facilitate such
displacements, soft polymers are often used.

Polymer actuators for converting electrostatic energy to
mechanical energy have been described by several names in
the literature. Nomenclature in the literature is not always
consistently applied. The term dielectric polymer actuators
emphasizes the elastic property of the dielectric medium. The
term electroactive polymers has also been used to describe
these devices, in addition to others that may involve charge
transport through an ionically or electronically conducting
polymer. Another category of polymer actuators based on the
application of an electric field comprises piezoelectric poly-
mers. Other actuators operate based on ion charge transport
in a compliant medium, and may also be included in this
category. Together, these actuators have attracted the atten-
tion of researchers working in a variety of areas. They have
been described as forms of artificial muscles,® although
for the purpose of this survey the most important attributes
are related to their suitability as emerging technologies for
haptic devices.

4.2.1. Electronic Polymer Actuators (EAPs)

Electronic EAPs are also known as dry EAPs and activated by
an electric field. In order to produce large strains, many EAPs
require large electric fields of several kilovolts per millimeter.
Because of the limited flow of bulk material, these actuators
can be designed to operate very quickly, actuating within
1 ms or less. Moreover, such devices can be stable at room
temperature, and can be designed to produce large forces
(albeit at large voltages). Several subtypes of actuators exist in
this category.

Dielectric Polymer Actuators (DEAP): The basic working prin-
ciple of an electronic EAP consists of a polymer sandwiched
between two electrodes (see Figure 3A). If a high voltage is
applied to the electrodes, the Coulomb attractive force squeezes
the polymer, which results in an increase in area, and con-
comitant strains, depending on the geometry of the assembled
device. The volume of the DEAP remains nearly same before
and after deformation. If a voltage V is applied between two
electrodes separated by a DEAP with thickness d, the effective
compressive stress of the polymer p will bel®*!

p=ce(V/d)’ (3)

where, ¢ is the relative dielectric constant of the polymer and ¢,
is the dielectric permittivity of free space, 8.85 x 10712 Fm~1.1°4
The value e reflects the polarizability of the material upon
applying an electric field. A higher value of ¢ means that the
material has a higher polarizability which will result in a higher
p. Typically, materials with high dielectric constant are prefer-
able to achieve a higher mechanical strain or stress. A detailed
model of the performance of such a device must also account
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for the thermodynamic mechanisms of stress production in the
elastomer.?]

The expansion of the DEAP under electrical bias can be
used to realize devices that can produce local deformation in
different shapes. For example, Kim et al. used a DEAP sand-
wiched between two graphene electrodes as shown schemati-
cally in Figure 3B,C.P% The cross-sectional view of the device
and operation principle shows that, with this geometry, the
polymer overlapped by the electrodes deforms to a convex shape
(a bump) when an electric voltage is applied to the electrodes.
A sufficiently large deformation can be used within a tactile dis-
play which demands materials with a low Young’s modulus.

Various dielectric polymers have been developed based on
silicone,*3! polyurethane,®?! acrylic,1! or other materials. These
materials have been used to demonstrate numerous haptic
feedback devices.*¢-100]

Mechanical strains greater than 100% are achievable using
DEAPs. Because the effect is electrostatic, the response time
can be fast, on the order of millisecond.[') DEAPs can be con-
structed from dielectric elastomer materials that can achieve
strains of up to 300%, such as the commercially available
acrylic elastomer VHB 4910 (3M). DEAPs generating strains of
1692% have been reported by Keplinger et al.”] using such an
acrylic membrane.

In general, DEAPs show high mechanical energy density
which results in relatively large actuation force.® Moreover
these actuators have a long life under normal conditions.
However, performance of DEAP actuators is also limited by
the mechanical and electrical breakdown voltages, or field
strengths (100 MV m™), above which the dielectric acts as as
a conductor.!101:102]

Electroadhesive Devices: When a dry human finger slides over
a conductive electrode coated with a dielectric material, an
increase of friction is observed when a voltage is applied to the
electrode. The effect disappears when the voltage is removed.
The AC version of this induced friction effect has been referred
to as electrovibration.l'%l This variation of friction surface by
applying a charge to the finger has been shown to be an efficient
method of inducing haptic sensations between a sliding human
finger and touched surface, and has been used to realize
tactile displays for rendering surface textures. AC voltages are
preferred because the changes in friction are more easily felt,
and because a DC voltage can cause charge to accumulate on
the surface of the insulator, reducing the extent of the effect via
charge shielding. When a sufficiently high voltage is applied,
the attraction force becomes larger, generating normal forces
on the finger that elicit a large enough change in friction to be
felt [104-107]

The electrostatic force (F) generated in between the rubbing
finger and the electrode is governed by Coulomb attraction, as
in a DEAP device

F= A?” (%)2 @)

where, A is the contact area of the fingertip, € is the relative
dielectric constant of the stratum corneum, ¢, is the dielectric
permittivity in the free space, V is the applied voltage, and d
is the thickness of the stratum corneum.'® The method is
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Figure 3. A) Schematic illustration of actuation principle of electronic EAPs. When an electric field is applied to a sandwiched electronic EAP between
two electrodes, the polymer squeezes due to the Coulomb force. B) Operation principle of a practical actuator based on electronic EAP and C) the
design of such a device. A dielectric EAP is sandwiched in between two electrodes (left) and the expansion of the polymer in the overlapping region
is used to form a bump. B,C) Reproduced with permission.’% Copyright 2013, IOP Publishing Ltd. D) Conceptual design and diagram of the elec-
trostatic tactile display and E) operation principle of such tactile display. An electrostatic force is generated in between rubbing finger and insulator
while applying a high voltage to the electrode. D,E) Reproduced under the Creative Commons Attribution License CC BY 4.0.'"% Copyright 2018, the
authors. F) Schematic cross-sectional view and operation principle of a tactile display using multilayer piezoelectric actuator. When the piezoelectric
actuator expands under an electric bias, it deforms and pushes the sealed liquid on top. G) Schematic design and different layers of materials in the
tactile display. F,G) Reproduced with permission.""l Copyright 2009, Elsevier B.V.

particularly favorable for applications where the device requires
to be thin, transparent, and flexible since the method requires
a single layer of insulator and a single layer of conductor which
can be thin and transparent. Additionally, no moving mechan-
ical parts are required in order to operate the device. However,
the performance of the device depends on the thickness of
dielectric layers, dielectric constant of the materials, and the
applied voltage.

An example of a tactile device based on electrostatic adhe-
sion and their general operation principle are schematically
shown in Figure 3D,E. Schematic device layer (D) shows that
an electrode is covered with a thin insulating layer. A thin
layer of PDMS was used on top of the poly(3,4-ethylenediox-
ythiophene) polystyrene sulfonate (PEDOT/PSS) electrode
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as an insulating layer; while a high voltage was applied to
the electrode, the insulator was charged positively. When a
finger was rubbed (Figure 3E) on the insulator, the finger
became negatively charged which resulted in an electrostatic
force which was felt as tactile sensation or surface texture to
the user. Electroadhesion method has also been widely used
in haptic rendering!'® and tactile displays,!1%1%] to give a few
more examples.

Johnsen—Rahbek Effect: A similar but larger attractive force
occurs when an electric field is applied across the boundary
between a conducting and a semiconducting surfaces and this
effect is known as the Johnsen—Rahbek effect. The resultant
attractive force depends on the applied voltage and on the
materials involved.l''” One effective model of the produced
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attraction force, F,, was proposed by Atkinson!!!?l and can be
described in simplified form as

v Vir
— 5
F = e dr (5)

where, V is the applied potential across the boundary, d is the
distance between the surfaces, and r is the radius of the contact
point with a width of dr, say a region of fingertip skin. This
effect have been used to realize tactile surface textures and
actuators.[103:113]

Piezoelectric Actuators: The piezoelectric effect arises when
a mechanical force or pressure is applied to certain materials,
yielding electric charge flow. This is called direct piezoelectric
effect. It is a reversible process and the reverse mechanism of
this is known as inverse piezoelectric effect. While an electric
field is applied to a piezoelectric material, it changes shape.
This is a result of mechanical displacement of the charges in
the materials due to the applied bias.''* The physical deforma-
tion happens along the crystal orientation and is anisotropic.
Thus, in contrast to the simplified description below, tensorial
models are required to fully describe piezoelectric transduction.
Such a physical deformation of the material can be used to gen-
erate tactile sensations.

In principle, all piezomaterials have resonant frequencies.
Below such a frequency, such a device acts as a capacitor. A
simple relationship between the current, i, and the voltage, V,
of a piezoactuator is thus given by

dv
| = — 6
i=C ; ()

where, C is the capacitance of the device

A
C=ne = 7
ne )

where, A is the surface area of the electrode, d and ¢ are the
thickness and dielectric constant of the piezoelectric material,
respectively, and n is the number of piezolayers in the device.
In general, a tensorial relationship between mechanical and
electrical deformation is involved.[''>1%] Piezoelectric actuation
method has been widely used in haptic devices,!'"-12% to give a
few examples.

Piezoceramics: There are a number of piezoelectric materials
available including both organic and inorganic materials. A few
examples of inorganic piezoelectric materials are lead zirconate
titanate (PZT, Pb[Zr,Ti; _ 4]O3), lead titanate (PbTiOj;), AIN,
ZnO, Pb(Mg;3Nb,/3)05-PbTiO; (PMN-PT), quartz, berlinite
(AIPO,), potassium sodium tartrate tetrahydrate (rochelle salt),
etc. Multilayer piezoelectric ceramics are often used to generate
larger effects, such as are needed for tactile displays, but this
requires greater current to be supplied.'?!l The reverse-piezo-
electric effect can be used for tactile sensing.'?Zl For example,
Dagviren et al. developed a conformal piezoelectric system
based on PZT that could actuate and sense.'?}] This thin device
used an elastomer as a substrate material and meander-shaped
metal traces for electrical connections. As an active layer, they
used 500 nm thick PZT material sandwiched between Pt and
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Au electrodes encapsulated by polyimide (PI). When a voltage is
applied to one of the actuators, it expands six to eight orders of
magnitude more than the other elements in the circuit. Several
other examples of actuators and motors using piezoelectric
materials have been applied for haptic feedback.[124123]

Piezoelectric Polymers: There are also several piezoelectric
polymers which vary in their structures and mechanisms.
For examples, poly(vinylidene fluoride) (PVDF), polyamides,
parylene-C are semicrystalline while polyimide, polyvinylidene
chloride (PVDC) are amorphous piezoelectric polymers. The
first type arranges positively and negatively charged ions in
crystalline form when an electric field is applied. The latter
type contains molecular dipoles in its molecular structure. The
dipole of this polymer is aligned when electric field is applied
above a glass transition temperature. There are also examples
of composite piezoelectric polymers where inorganic piezo-
electric materials are combined with polymers. This results
in higher coupling factors and increased dielectric constants,
with a controllable mechanical flexibility. Another type of piezo-
electric polymer, known as voided charge polymers, contains
gas voids in its structure. When an electric field is applied to
this polymer, gas voids become electrically charged resulting in
a piezoelectric effect.

One example of a tactile display based on piezoelectric mate-
rial was demonstrated by Ninomiya et al. (Figure 3F,G). The
authors filled a chamber with an incompressible liquid that
could be compressed using a multilayer piezoelectric actuator
placed beneath the chamber. When an electric bias is applied
to the piezoelectric materials, it expands and pushes the mem-
brane upward.''!l Another example of a tactile stimulator
based on piezoelectric polymer was demonstrated by Akhter
et al.12] In their device, a PVDF film based resonating actuator
was coupled with a PI chamber. 80 pm thick PVDF film was
sandwiched between two 100 nm thick Ag electrodes. The final
device comprised a 3 x 4 actuated dot array in a PI membrane.
The actuated dots could perform 257 nm displacement with
339 N m2 pressure, which is marginally in the range perceiv-
able by the tactile sense. The response time of the stimulators
was 0.7 ms with an input voltage of 80 V. Several other exam-
ples of soft tactile actuators based on piezoelectric materials
have also been developed.[126:127]

4.2.2. lonic Polymer Actuators

Ionic EAPs, also known as wet EAPs, operate based on ion dif-
fusion induced by an electric field. These types of polymers
contain anions or cations which are bonded within their struc-
ture (see Figure 4A). Similar to the electronic EAPs, ionic
EAPs are also sandwiched between two electrodes. Without
any applied bias the ions are randomly distributed within the
polymers which diffuse through the membranes while a bias
is applied. The diffusion of the ions depends on the applied
bias and on the ion concentration in the polymers. This ionic
mass transformation results in expansion or contraction in
the polymer, driven by the ions. Though a small bias voltage
is required, a higher electrical power and energy is needed to
achieve performance suited for tactile display. Such actuators
have slow response time, but are able to produce large bending
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Figure 4. A) Illustration of the actuation principle of an ionic EAP. lonic diffusion is used to actuate the ionic EAPs while a voltage is applied to the
attached electrodes. B) Schematic design of a practical actuators based on ionic EAP’s and C) operation principle of the device. While a voltage is
applied to the electrodes, the ions diffused to the electrodes which leads to the bending of the polymer. B,C) Reproduced with permission.[28] Copyright
2018, IOP Publishing Ltd. D) Design of a polymer actuator based on conducting interpenetrating polymer networks (C-IPNs) and their composites.
Reproduced with permission.['*¥ Copyright 2003, WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim.

or displacements. This polymer type includes ion polymer
metal composites (IPMC), conducting polymers, electroactive
gels, and electrorheological fluids.

ITonic Polymer—Metal Composites (IPMCs): IPMCs are a com-
posite of ionic polymer and conductive medium, and have often
been referred to colloquially as “artificial muscles” (although
biological muscles operate based on very different principles).
The active portion of these devices consists of a polyelectrolyte
membrane sandwiched in between two electrodes. Typically, the
polyelectrolyte membrane is treated such that it is permeable to
cations while impermeable to anions. The surface of the poly-
electrolyte is usually coated with a thin metal layer to increase
the surface conductivity. To increase the ion concentration of
the electrolyte, the polymer is often mixed with highly conduc-
tive nanoparticles such as Pt or Au. When an electric bias is
applied to the electrodes, the cations drift toward the cathode
resulting in a swelling on the cathode and shrinking on the
anode. This swelling and shrinking results in the bending of
the IPMC and shows a large dynamic deformation that can be
controlled by the applying voltage. Usually, IPMC EAPs require
only low voltages. IPMC devices can achieve more than 5%
strain and large bending, but these actuators tend to be slow,
due to the high relaxation times.

A typical device based on an IPMC consists of a polymer
with ions and more than one electrode. Electrodes may be
placed in opposite sides of the polymer or on the same side.
Different orientations of the electrodes result in distinct defor-
mation of the polymer. For example, Chang et al. designed
an IPMC based actuator by placing both electrodes on the
same side of the polymer, yielding an “S” shape when actu-
ated.?8] A schematic comparison of two actuators that result
from placing electrodes in different configurations is pre-
sented in Figures 4.1128 The left diagram (B) presents a device
with two electrodes placed on opposite sides of the polymer
while the right diagram (B) shows one device for which two
electrodes are placed on the same side, with a conductive
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layer positioned opposite. This resulted in different deforma-
tions of the IPMC and different shapes (Figure 4C, bottom).
Several other examples of soft actuators,!'?>13% tactile sen-
sors,!31 and Braille displays!'32133 based on IPMCs have also
been developed.

Conductive Polymer Actuators: Conductive polymers that are
used in actuation are semiconducting materials which, when
doped, become conductors. Similar to IPMCs, the conducting
polymer actuators are also sandwiched between two electrodes,
which are often intrinsically conductive polymers. However,
unlike the IPMCs, the actuation mechanism of the conducting
polymers is driven by electrochemical reduction or oxidation.
When an electric potential is applied to the conductors, elec-
trical charges are added or removed to the polymer which
results in changes of ions in the polymer depending on the
type of the dopant. This mass transport results in changes in
the volume of the polymer. The change in volume depends on
the doping of the polymer, their mobility, and on the applied
electric field.

The operation principle for a conducting polymer based
actuator is illustrated in Figure 4D.'*¥ In this example, the
authors used conducting interpenetrating polymer networks
(C-IPNs) that consisted of two electronic conducting polymers
(ECPs) and within the electrodes a solid polymer electrolyte
(SPE). The SPE was realized from poly(ethylene oxide) (PEO)
and nitrile butadiene rubber (NBR) and acted as an ion reser-
voir. When a voltage (2 V) was applied to the electrodes, the
SPE layer deformed or bent depending on the bias that gener-
ated or removed ions from the electrodes.

Conductive polymer actuators have the advantages of
requiring low operating voltages, and supplying high tensile
strength. More than 40% strain can be achieved using conduc-
tive polymers. However, a high current is required to operate
conductive polymer actuators, which are limited by the mobility
of the ions. These materials also have been used to demonstrate
a variety of actuators.[*713]
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4.3. Electromagnetic Actuators (EMAs)

Electromagnetic actuators are based on basic principles of
electromagnetism. Such actuators use electromagnetic forces
to perform mechanical work. The electromagnetic force is
described through Faraday’s laws of electromagnetic induction,
the Lorentz force law of forces, and the Biot—Savart law. Fara-
day’s law relates the magnetic and electric fields, and predicts
forces generated by electromagnetic induction. The Lorentz
force law predicts forces acting on a charged particle moving
in electric and magnetic fields. The Biot—Savart law describes
the magnetic field produced by a stationary electric current.
Typical EMA devices consist of an electrical circuit and a mag-
netic circuit, and the resulting magnetic force is proportional
to the electric current. Several actuators have been developed
based on these principles, including DC motors, AC motors,
stepper motors, voice coil motors, and others. Variable reluc-
tance actuators (VRAs), such as solenoids, operate on the prin-
ciple of magnetic attraction of ferromagnetic materials.

A VRA is constructed from an inductor in proximity with a
ferromagnetic material (solenoid or variable reluctance actu-
ator). When a current is passed through the coil, the resulting
magnetic field attracts the metal. While this method can pro-
duce large forces over a wide frequency range, the effect is
always attractive and requires care to control.[3¢:137]

An EMA is constructed from an inductor in proximity to
a permanent magnet. A typical arrangement is illustrated in
Figure 5A.38 A permanent magnet is suspended using an
elastomer membrane centered over a planar coil. When an elec-
trical current is passed through the coil, the permanent magnet
is repelled or attracted by the induced magnetic field by the coil.
If the magnetization of the permanent magnet is M, then the
total magnetic force F is

F={ -2 (M -B)dV (8)
14 X;

where, B is the external magnetic field induced by the coil and
V is the volume of the permanent magnet.
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EMAs traditionally require rigid conductors and magnets,
but several examples of soft actuators have been realized. For
example, liquid metal eutectic gallium indium (eGaln) alloy
may be used to realize the coil, and magnetized elastomers the
magnet.*>13% Figure 5B shows one such example.'3% An array
of soft vibrotactile actuators was realized using soft, helical coils
(Figure 5B, top). In another configuration, this device may be
used for micromanipulation. Several other examples of haptic
devices based on electromagnetic actuation,**1*2l including
both flexible!"3] and soft!'*414] devices.

4.4. Rheological Actuators

Rheological actuators are based on rheological fluids, which
change in viscosity when external field is applied. There are
essentially two types of rheological fluids. One is based on
electrically modulated rheology, while the other is magnetically
modulated. Both types comprise fluid suspensions of metal
particles that can function as Newtonian fluids. The stress and
strain in a modulated rheological fluid can be expressed as!!*®!

[=T;+of 9)

where, I is the shear stress, I'; is the yield stress depending
on the external applied field . The quantities ¢ and 1 are the
apparent viscosity and shear strain rate, respectively.

4.4.1. Electrorheological Fluid Actuators

The operating principle for electrorheological fluid actuators is
that the viscosity of the liquid changes into semisolid when an
electric current is applied. The change in the viscosity is pro-
portional to the applied current. Typically, ERFs are suspen-
sions of extremely fine conductive particles in a nonconducting
fluid."”] In practice, when an ER fluid is confined between two
electrodes, the fluid viscosity greatly increases when a voltage
is applied to the conductor. Electrorheological fluids comprise

Figure 5. A) Schematic illustration of a magnetic system using a suspended permanent magnet and a coil. Reproduced with permission.[38 Copyright
2015, Elsevier B.V. B) Schematic illustration of an actuator based on electromagnetic principle (top) and the photographs of the EMA lifting small load
(bottom). The coils are realized using eGaln. Reproduced with permission.l'3% Copyright 2018, WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim.
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two types based on their polarization mechanisms. The first
category is known as dielectric electrorheological (DER), where
dispersed particles in a nonconducting fluid medium become
electrically polarized while an electric field is applied. The other
type comprises randomly oriented molecular dipoles which
reorganize upon application of an electric field.*®! The latter
results in what is termed as the giant electrorheological (GER)
effect. Since this type of actuator uses a liquid phase that must
be encapsulated, this becomes a design constraint. However,
this type of actuator can generate high forces when appropri-
ately designed.'+’]

ERF actuators can be operated in three modes: squeeze,
flow, and shear (Figure 6A-C).">"l Squeeze mode generates
dynamic forces, but is constrained to small displacements. In
this mode, the ERF is sandwiched between two conductors, one
of which is separated by a mesh (Figure 6A). In flow mode, the
fluid motion is controlled via electrostatic valves as shown in
Figure 6B. In the shear mode, the electric field controls the ERF
between two surfaces that can be moved against one another
(Figure 6C). A large number of haptic devices!!>-15] and tactile
displays!'>~158 have been realized using ERF.

ERF based actuators are highly useful where strong power
is needed with high bandwidth. But, the breakdown voltage of
the ERF is often very low. Additionally, liquid driving material
makes the device physically complicated.

4.4.2. Magnetorheological Fluid Actuators

Magnetorheological fluids are suspensions of free flowing
ferromagnetic particles, such as iron, in a carrier fluid such
as glycerin. An MRF changes viscosity upon applying elec-
tric field.>%1%% When a magnetic field is applied to the fluid,
the ferromagnetic particles align along the applied flux lines,
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yielding a change in viscosity. An MRF can exhibit yield stresses
on the order of 50-100 kPa with a response time on the order
of 1 ms [161-163]

An example of an MRF based actuator (Figure 6D,E) was
realized by Ishizuka and Miki, who mixed oxidized iron par-
ticles as magnetic particles with poly-o-olefin.>”! The average
size of the iron particles was 2 um. The MRF was embedded
in a composite rubber substrate. In the absence of any mag-
netic field, the particles were distributed uniformly in the
base liquid and the MRF acted as a normal liquid (Figure 6D).
When an external magnetic field was applied, the iron particles
aligned with the magnetic field, greatly changing the stiffness
of the MRF (Figure 6E). Several other demonstrations of haptic
devices based on MRF actuators have been reported>®60.16+-167]
including several tactile displays.[168-171]

MRF based actuators can produce very strong forces, but
often require the driving material to be liquid, which can lead
to cost and design constraints. In addition, these devices resist
motion rather than producing motion.

4.5. Liquid Crystal Actuators

Liquid crystals are a special state of some materials that com-
prise semiliquids with intrinsic crystal orientations. Due to
their optical properties, such materials were first used for
visual displays. These materials can also respond to external
stimuli that evoke reversible mechanical changes. A wide
range of polymeric liquid crystal has been synthesized!!7%173]
and many of these have been used for actuation.'’417°] The
operating principle of these materials involves rapid phase
transitions between nematic and isotropic phases. Normally,
liquid crystal elastomers (LCEs) contain rigid, anisotropic mes-
ogenic units incorporated within polymer chains that remain

MR Fluid (liquid) Silicone rubber

mmm

Stiff ruober —  Compensate stiffness
Without magnetic field — Softsurface

MR Fluid (solid)

ERF )
c Elastomeric
membrane
Electrically : .
operated valve R — .
electrodes MR Fluid (liquid) Magnetic field
‘ ‘ ‘ * ‘ Undermagneticfield — Stiff surface

ERF

Figure 6. Different operation modes of ERF actuators: in squeeze mode A), in flow mode B), and in shear mode C). (A—C) Reproduced with permis-
sion.["*% Copyright 2005, Elsevier Ltd. D) Schematic working principle of MRF based actuators. Without any external magnetic field the suspension
acts as a liquid which turns nearly to a solid under external magnetic field E). (D,E) Reproduced with permission.% Copyright 2017, The Japan Society

of Applied Physics.

Adv. Mater. Technol. 2019, 1900042

1900042 (13 of 30)

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

mobile. When stimulated to the nematic phase, the meso-
genic units become aligned in a direction without any crystal-
line orientation. The phase transformation can be created in
response to thermal excitation, ultraviolet excitation, or elec-
trical stimulation.['76-178]

A number of LCE based actuators have been demonstrated
for different applications including refreshable Braille dis-
plays,[102] tactile sensors,l'”?l or soft robotics.’®17% As one
example, Rogéz et al. developed a soft robot based on LCE that
could mimic caterpillar locomotion. The robot was realized
using a mixture that contained a liquid crystal monomer, liquid
crystal crosslinker, and green light absorbing dye.*® When
polymerized in the nematic phase, the polymer could contract
18% in parallel and expand 10% in the perpendicular direction
to the molecular orientation, which was reversible. Thermal
stimulation was used to reversibly change the phase of the
liquid crystal elastomer.

4.6. Gel Actuators

There are several gels that can convert chemical energy to
mechanical energy when stimulated.['® For example, when
poly(acrylic acid) (PAA) is cross linked with glycerin or
poly(vinyl alcohol) (PVA), esterification occurs which results
in mechanical energy exchange.'8!l The basic principle
of this actuation mechanism is that the pH changes in the
polymers, ionizing the polyelectrolyte. There are also salt-
responsive gels, such as collagen fibers, which, when mixed
with LiBr, KSCN, or urea, can generate mechanical energy
due to the chemical melting and crystallization of the poly-
mers.['82 On the other hand, thermoresponsive gels are sen-
sitive to temperature changes. There are many polymers,
including natural polymers, that change viscosity and volume
when a change in temperature occurs. However, most prac-
tical actuators based on thermoresponsive gels combine
natural and synthetic polymers to modify thermal response
properties.[183.184]

There are many other gels that exhibit mechanical deforma-
tions based on a variety of designs. Many of those have been
used to realize actuators.*®! For example, solvent-responsive
gels,l'®!  photoresponsive  gels,3%18]  magnetoresponsive
gels, '8l and electroresponsive gels!'® have been used for actu-
ator design. There are also several examples of tactile displays
using gels.[®*% A wide range of gels are available that can be
stimulated in different manners that lend themselves to robust
effects. However, the gels must be maintained in semiliquid
form which can make the resulting devices mechanically sensi-
tive. Additionally, the gel actuators typically result in relatively
low bandwidths.

4.7. MEMS Actuators

While often relying on conventional rigid materials, micro-
electromechanical system or MEMS based devices comprise
highly integrated miniature mechanical and electrical com-
ponents, often realized using microfabrication techniques.
MEMS actuators generate motion from energy through
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physical or mechanical energy conversion. The under-
lying actuation mechanism can be any of the methods dis-
cussed earlier, such as can be integrated within microscale
devices.'™® Since the physical dimensions of such a device
are in the micrometer range, small spatial dimensions can be
achieved. Also, bandwidths are possible. However, the manu-
facturing methods required are complicated and difficult to
scale. A number of demonstrators of emerging haptic devices
based on MEMS methods have been realized, including tactile
displays and sensors.[190-1%]

4.8. Other Actuator Technologies

Several other actuator mechanisms have been widely used for
haptic devices but are omitted here, since they rely on more
conventional materials and methods. For example, shape
memory alloys (SMA) comprise phase changing metal alloys
whose mechanical state can be reversibly switched depending
on the temperature changes.['%1%’] There are also examples
of nylon based actuators,1°®1% including commercial nylon
fishing line, which can be used to realized lightweight ther-
mally switched actuators. These actuators can provide high
power with low hysteresis, and can be designed to function
over a wide range of temperatures. Other phase change
material properties have also been used to actuate tactile
devices. Shikida et al. demonstrated a tactile display based
on liquid-vapor phase change which was used to drive the
actuators.2% The device comprised of 3 x 3 array of actuators
and each actuator had a needle, a heater, and a driving liquid
sealed in a cavity. A change in phase of the liquid to vapor
increases the volume which is used to generate the stroke
at the actuators. Other actuators include thermally mediated
polymer actuators,?°!l chemically mediated actuators,202-2%3]
and optically mediated actuators.2%42%] The thermal nature
of such processes constrains the feasible operating speed
and bandwidth.

4.9. Summary: Emerging Actuation Methods for Tactile
Feedback

A wide range of actuation methods are described in the litera-
ture. Frequently, functional devices require the combination
of multiple such mechanisms or design elements. The choice
of actuation mechanism to realize a functional device is deter-
mined by the application requirements and materials involved.
Table 2 summarizes an array of actuation mechanisms used in
tactile displays.

5. Fabrication Methods for Emerging Materials

Fabrication processes play key roles in the realization of func-
tional devices, especially in manufacturing. However, the choice
of fabrication method is closely related to the materials involved.
Flexible and soft materials are not commonly involved in the fab-
rication of many conventional mechanical or electrical devices,
or manufacturing methods. Thus, the integrated processing of
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Table 2. Summary of emerging material actuation methods for tactile displays.

Transduction technique Mechanism

Advantages

Disadvantages

Pneumatic Compressed air

Hydraulic Compressed liquid

Electronic EAP Electric field driven

Simple, lightweight, high power-to-weight ratio
High bandwidth, high power

Fast, high actuation force, high mechanical energy

Low bandwidth, stiff
Bulky and heavy

High operating voltage

density, long lifetime

lonic EAP lonic diffusion

Piezoelectric Piezoelectric effect

Voltage control bidirectional, low operating voltage

Small dimension, large force, high resolution frequency,

Liquid electrolyte, slow response, low actuation force

Small motion, high driving voltage

fast, low power consumption

Electrovibration Coulomb force

Electromagnetic Electromagnetism

ERF Change in viscosity by electric field
MRF Change in viscosity by magnetic field
LCE Phase transition

Gel Chemical reaction

MEMS Electromechanical

Fast, low-powered, dynamic
Wide bandwidth
Very fast, high power
Strong force
Wide bandwidth, well controlled
Different stimulus, well controlled

Miniature, wide range bandwidth

Relatively high noise
Heat generation
Liquid suspension, low breakdown voltage
Liquid suspension, expensive
Liquid medium
Relatively low bandwidth, semiliquid medium

High-tech fabrication, rarely soft

these materials is less standard in the actuator industry, and
a variety of fabrication techniques are proposed in the litera-
ture, most of which are not yet brought to large-scale industrial
manufacturing. The experimental nature of many of the devices
reviewed here means that less attention has been given to the
reliability and robustness of manufacturing processes.

Fabrication requires that the materials to be used, the
requirements for the device, including resolution and size,
be taken into account. If a device requires resolution in the
microscale over a large area, a microprinting method might
be preferred to a 3D lithography method. On the other hand,
microprinting methods are not compatible with all materials.
Next generation tactile display devices will require high reso-
lution fabrication over large areas, and may demand the use
of flexible or soft substrates, which can be conformal. In the
following section we review several relevant technologies, but
a comprehensive account of the continuously growing array of
fabrication methods that could be used for such devices would
be beyond the scope of this article.

5.1. Microfabrication

Microfabrication processes are typically used to fabricate
devices that require micro or nanoscale detail, which cannot be
readily achieved via machining. Such technologies are mature,
and have been widely used in modern devices that require high
resolution features, including processes that produce many
devices we use in daily life.

The manufacturing of a device using microfabrication
methods involves a number of variable processing steps. To
give an example, the fabrication of a micro-electromechanical
system might require a number of patterning steps to define a
device layer and electrodes. The steps may involve lithography
processes, in which a resist mask is used to pattern an elec-
trode layer. Advanced lithography processes, used in IC manu-
facturing, can realize patterns with resolutions on the order of
10 nm. Typically, electrodes are deposited via a metallization

Adv. Mater. Technol. 2019, 1900042

1900042 (15 of 30)

process such as sputtering or evaporation which can deposit a
material layer from a few angstroms to a few micrometers in
thickness. The electrode material is deposited as a continuous
thin film which is patterned using a method called lift-off using
a lithography method. A reverse method can also be used,
where the electrode material is deposited prior to a lithography
step, in combination with a subsequent etching process that
defines the electrodes.

A complex device might require a large number of com-
plex processing steps. For example, a MEMS device might also
require a doping step, where the bulk substrate is precisely
doped with a carrier (yielding holes or electrons) to modify the
mobility or type of the substrate. This process often requires
high temperatures, approaching 1000 °C. Such processes also
often require the device layer to be released from a bulk sub-
strate in order to make them thin and flexible. A common
approach for realizing thin device layers is to use a silicon-
on-insulator (SOI) substrate, where a thin active device layer
is bonded with a carrier wafer via a sacrificial insulator layer.
When the entire device is fabricated on the active layer, the
insulator layer is then chemically removed, yielding a free-
floating active device layer.

Future tactile display devices will require high resolutions,
for which microfabrication methods are particularly useful.
However, these techniques are constrained to special materials
and are largely incompatible with soft or fluidic substrates,
unless the processes are greatly modified. Typically, most
MEMS electromechanical devices use at least a few microfabri-
cation processes. Many tactile display devices have been devel-
oped based on microfabrication techniques.[206-208]

5.2. Soft Lithography and Molding

Soft lithography and molding processes are extremely useful
when large area patterning is required with microscale resolu-
tion on a compliant substrate. In general, soft lithography pro-
cesses involve a “master,” on which the negative patterns are
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realized, and an elastomer that is cast and cured on this master
to replicate the patterns. After curing, the elastomer replica is
removed from the master, producing the desired patterns. The
master can be produced using conventional microfabrication
methods, and can be used several times for replication. Ver-
sions of this method were used to contact print self-assembled
monolayer (SAM) structures on a target substrate that could
guide subsequent material deposition onto the substrate.

There are many examples of haptic devices using soft lithog-
raphy and molding techniques.02133:209212] For example,
Son et al. demonstrated a flexible tactile display based on
molding technique using PDMS.2!! They formed a number of
pneumatic microchannels in a PDMS layer. An SU-8 layer was
used to form the master via photolithography. Other actuation
mechanisms such as EAP,192133] electrostatic,!'3”213215] and
electromagneticl?®21% have also employed soft lithography and
molding techniques.

5.3. Additive Manufacturing

Additive manufacturing methods have been widely appreciated
for their ability to realize 3D functional devices via a unified
process. Typically the term refers to methods where 3D struc-
tures are manufactured layer by layer without the removal of
materials. A number of methods based on this principle have
been introduced recently, including 3D layer printing, inkjet
printing, laser printing, selective laser sintering (SLS), fused
deposition modeling, and stereolithography. Each of these
methods has advantages and drawbacks. Most are tailored to
particular material types, and all have characteristic resolution
limits.[?'”] Here, we discuss a few of these methods.

5.3.1. 3D Printing

3D printing is an emerging technology with potential appli-
cations in the field of electromechanical devices. In general,
the method forces solid or liquid materials (“inks”) through a
nozzle to construct a 3D structure. More advanced 3D printers
can print inside a liquid bath by optically curing a material.l”!
The mechanical property of the final device depends on the ink.
Since 3D printers use a computer aided 3D design to manufac-
ture the object, the design of the object comprises any shape,
within support limitations. However, the minimum feature
sizes, and minimum surface roughnesses, that can be achieved
are limiting factors. There are several examples of actua-
torsi218219 and haptic devices?222] that have used 3D printers.
For example, Martinez et al. realized haptic devices for educa-
tional applications based on 3D printing methods.

5.3.2. 2D Printing

2D printing technologies are extremely useful for large-area
device manufacturing, due to their scalability and low cost.
A variety of printing methods are used in device fabrication.
Examples include screen printing, inkjet printing, and gra-
vure. In screen printing, a mesh is used to pattern substrates,
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via patterns that are formed using liquid inks. The resolution
of such methods is limited by the mesh. It is challenging to
realize multilayer, complex devices using this method. Con-
sequently, it is most widely used for simple devices, such as
flexible and wearable devices.’*222223 Yun et al. fabricated a
cellulose based electroactive paper for haptic applications using
screen printing methods.” They bonded 28 um thick EAPap
with a thin, metallic membrane using a conductive ink. The
conductive ink comprised silver paste screen printed onto the
surface of the metallic film. In another approach, Pyo et al.
screen printed a CNT-PDMS layer on a microfabricated Si/
Si0,/Au substrate.2??]

Inkjet printing uses a liquid ink propelled through a nozzle
using capillary methods. The force impelling the ink character-
izes the type of printer. Piezo inkjet printers use mechanical
impulses to generate precise ink droplets. Thermal inkjet
printers rely on heating to generate droplets for deposition.
Other inkjet processes include those employing electrostatic
charges or acoustic waves. Several haptic devices have been
realized using inkjet printing methods.[223-22°]

The minimum feature size that can be achieved using screen
or inkjet printing method is 20 um. The layer thickness in such
a process can be less than a 100 nm. Screen printing methods
are fast, low cost, and parallelizable. In contrast, inkjet methods
are relatively slower. Using the latter, it is also more difficult to
realize thick layers.

5.3.3. Laser Based Processing

These fabrication methods include selective laser melting
(SLM), selective laser sintering, stereolithography, and two-
photon direct laser writing. In essence, such methods employ
a laser source to solidify, melt, or activate material layers. The
modified base materials can comprise powders, liquids, or
photosensitive resins. An example of the application of laser
sintering methods for the manufacture of haptic devices was
reported by Price and Sup IV.22%] They developed a handheld
haptic robotic device incorporating a selectively laser sintered
nylon powder structure.

5.4. Transfer Printing

The transfer printing method uses a donor substrate to fabri-
cate the active regions of devices for later transfer to the final
substrate. Since this method uses an external carrier substrate,
which can be rigid, to realize the active devices, it is able to fab-
ricate comparatively complex devices. However, this method
can be slow and involve complexities when the active devices
are very small, and may further involve multistep transfer-
ring. There are several examples of the use of transfer printing
methods for realizing haptic devices.??:228] Ju et al. realized
a tactile feedback touch screen based on transfer printing
methods.”””] They used a glass substrate first to screen print
a uniform layer of poly(vinylidene fluoride-trifluoroethylene-
chlorotrifluoroethylene) [P(VDF-TrFE-CTFE)] and later to
laminate it with another layer of elastomer. Then they trans-
ferred the [P(VDF-TYFE-CTFE)] and the support elastomer
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Methods Minimum resolution Advantages

Disadvantages

Microfabrication A few nm

Soft lithography A few hundred nm

Molding A few hundred nm Large area processing, easy, cheap
3D printing >0.1 mm 3D structure, wide range of designs
Screen printing >20 um Parallel processing, cheap
Inkjet printing >20 um Fast, cheap

Laser processing A few hundred nm

Transfer printing <1 um

Highly developed, well controlled, high resolution

3D structures, parallel processing, cheap

Fast, wide range of designs

Robust, combines different methods, wide range of materials

Costly, typically not compatible for soft materials
Only compatible with soft materials
Depends on the master, only compatible with soft materials
Low resolution, slow, expensive, limited materials choice
Low resolution, limited materials choice, limited geometry
Low resolution, limited materials choice
Expensive, limited materials choice

Challenging for multilayer device

film by diffusing water through an interface of glass with
[P(VDF-TrFE-CTFE)].

Though there are different technologies that are capable of
realizing integrated active devices, most demonstrated devices
use combinations of these techniques. This is because there
is no single method that is compatible with all materials, and
capable of manufacturing all kinds of device. The choice of tech-
nology largely depends on the materials and the requirements
for the device. Table 3 summarizes the fabrication methods
reviewed here, along with their advantages and disadvantages.

6. Tactile Displays Based on Emerging Materials

There is a growing interest for using emerging materials to
realize tactile display devices, based on two principal motiva-
tions. The first is the difficulty of realizing such devices using
conventional technologies. The second is that such materials
can afford new capabilities, ranging from electronic functions
to greatly enhanced mechanical compliance or flexibility. For
example, a common material used in conventional devices, sil-
icon, has a Young’s modulus greater than 100 GPa. In contrast,
common silicone (PDMS) materials have Young’s moduli lower
than about 1 MPa, overlapping the range for human skin.¥
The comfort, conformability, and ergonomic advantages that
such materials afford have attracted interest for applications in
healthcare, wearable computing, and, increasingly, haptics.

6.1. Fluidic Displays

Among the most widely investigated technologies for tactile
display are pneumatic systems, based on the fluidic actua-
tion principles discussed in the foregoing. They have been
widely used for soft haptic devices.”*7”] For example, Sonar
and Paik demonstrated a soft pneumatic actuator (SPA) skin
based on soft silicone.” In this multilayer device, they used a
silicone—polypropylene-silicone stack where the polypropylene
masking layer was used to pass air, resulting in inflation to a
desired shape. In an another example, Wu et al. demonstrated
a Braille display based on pneumatic actuation.?% They used
six endoskeletal microbubble actuators arranged in a 2 x 3 array
as Braille cells. The system consisted of three compartments
including a pneumatic actuator layer which was operated
under compressed air through valves. Figure 7A illustrates
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the resulting Braille dots corresponding to Braille alphabets.
The spatial resolution of the demonstrated tactile display was
2-2.5 mm, and the deflection of each Braille dot was nearly
0.6 mm at 100 kPa.

Another fluidic elastomeric actuator, which also integrated
soft sensors, was developed by Robinson et al. for tactile
machines.??° This device employed two viscoelastic fluids for
capacitive sensing of low mechanical stress and large strains.
Feedback was provided by a soft, pneumatically powered dis-
play. Figure 7B shows an image and schematic of the multi-
layer sensory and actuator system. To realize the actuator, the
group used soft lithography on a silicone substrate. Input to
each capacitive sensor resulted in a response via individual
chambers due to pneumatic actuation. Other examples of
smart tactile displays based on pneumatic principle are
discussed.76:20%)

6.2. Electrostatic Tactile Displays

Several different electrostatic actuation methods have been
explored, some of which have been applied to the design of
tactile displays.

6.2.1. An Electrostatic Mid-Air Tactile Display

Kamigaki et al. demonstrated a flexible and thin ultrasound
tactile display based on electrostatic actuation of an array of
membrane electrodes.?3% Each element of the device had three
conductive layers, the top layer focuses on ultrasound in mid-
air as a result of applied voltages to the constituent electrode-
membranes. The nonlinear ultrasound acoustic signals yield
an acoustic radiation force at tactile frequencies. To fabricate
the devices, the authors used 100 um thick adhesive as a sub-
strate, 12.5 um gold layers as an electrode, and a stainless-steel
frame. The dimensions of the final device were 1 cm X 1 cm
per emitter, across an 8 X 8 array of emitters, and thickness
0.6 mm.

6.2.2. Electrovibration Displays
In these devices, mechanical vibration is induced by an elec-

trostatic force on a surface. In one example, Ilkhani et al.
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Figure 7. Pneumatic tactile displays. A) Schematic (top) and photographs of a pneumatic soft tactile display demonstrating different Braille alphabets
(bottom) P, Q, and R. Reproduced with permission.?%%] Copyright 2012, IEEE. B) Photographs and schematic of a pneumatic haptic display showing
electrical contacts and pneumatic channels (top). Printing method of the device (middle) and the final device with schematic layer stacks (bottom).

Reproduced with permission.?2’l Copyright 2005, Elsevier Ltd.

presented a multitouch haptic feedback devicel?3!l for which
they realized a display with 17 x 17 electrodes. When a high
voltage AC signal was applied to pairs of nearby electrodes, a
user could perceive changes in friction at the corresponding
intersection. Figure 8A shows a photograph of the final device.
The group used conventional microfabrication techniques to
realize the device using aluminum as electrodes and Parylene-
C as insulator.

A recent example of a flexible tactile display based on electro-
vibration was reported by Ishizuka et al.l'’l The authors used
a thin layer of PEDOT/PSS as a conductor and PDMS as the
substrate and as an insulating layer. The device was thin (total
70 pm thick), transparent (Figure 8B), and flexible (Figure 8C).
The PEDOT/PSS layer was sandwiched in between two PDMS
layers; when there were no electric field, the rubbing finger on
the surface felt no additional force.

6.2.3. Electrotactile Displays

Electrotactile stimulation displays involve transmission of
electrical charges through the skin for direct stimulation of
the sensory nervous system. Tezuka et al. presented an elec-
trotactile display that comprised a microneedle electrode
array placed on the fingertip and a flat electrode placed on
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the finger nail.?32l Stimulated current could flow from the
microneedle to the flat electrode, which acted as a ground
electrode as shown in Figure 8D. The needles were long
enough to penetrate through the stratum corneum which
reduced the operating voltage of the device. The group used
Ti wires as the needle and PDMS as the base substrate.
Figure 8E shows photographs of the tactile display and the
needle array (left) with schematic stimulation flow of the nee-
dles (right).

6.3. Dielectric Polymer Based Tactile Displays

There are a number of dielectric materials available including
inorganic and organic materials that vary in dielectric proper-
ties. Patterning these devices with soft lithography or other
methods makes it possible to create integrated arrays for tactile
displays. In one example, Kim et al. created a transparent,
stretchable tactile display based on graphene electrodes and
dielectric polymer.”® The demonstrated device was optically
transparent and could sustain up to 30% strain with modest
performance degradation.

In another example Phung et al. used dielectric elastomer
actuator (DEA) to realize a tactile display that could pro-
duce a displacement of 350-140 um at 0.3-10 Hz.[?*3 Their
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Figure 8. Electrostatic tactile displays. A) Photograph of a tactile display with multitouch feedback system based on electrostatic stimulation showing
17 x 17 electrodes array. Reproduced with permission.[3!l Copyright 2018, IEEE. B) Photograph of the flexible tactile display using thin PEDOT/PSS
and PDMS layers, and C) photograph showing the flexibility of the device. B,C) Reproduced with permission."% Copyright 2018, the authors, pub-
lished MDPI, Basel, Switzerland. Electrotactile display based on microneedles. D) Photograph and schematic design principle of the tactile display
and E) photograph demonstrating flexibility of the device as can be worn on the finger (left) and schematic stimulation flow (right). D,E) Reproduced
under Creative Commons Attribution License (CC BY 4.0).1232 Copyright 2016, the authors.

device consisted of a frame with a rigid coupling and a film
type DEA as shown in Figure 9A. When no bias is applied to
the device, the actuator remains under pretension due to the
rigid coupling and actuators contract when a bias is applied
and the rigid coupling moves down. The group used silicone
molding process to fabricate the device frame and stacked
layers of silicone and electrodes for the actuators. Figure 9A
(bottom) shows a photograph of the device under operation.
The same group used this method to demonstrate a flex-
ible and wearable tactile display that could operate over a
frequency range of 0-150 Hz and could generate a force of
50 mN.*3 The final device had 8 x 12 tactile stimulator array
that could be controlled individually (Figure 9B). The device
was also integrated with tactile sensors. Marette et al. imple-
mented a device comprised of zinc-tin oxide electrodes.[?34]
A voltage of 1 kV is applied across the dielectric in order
to control the actuation of 16 independent actuators for a
tactile display.

Adv. Mater. Technol. 2019, 1900042
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6.3.1. Transparent Displays

For many mobile applications, the active area is expected to be
transparent. Tiwari et al. demonstrated a transparent and flex-
ible device for tactile feedback that could form local topographic
features using a DEAP design.’!l The materials used were con-
ductive hydrogel, silver nanowire (AgNWs), and conductive poly-
mers, with acrylic as a dielectric layer. Figure 9C (top) shows
the schematic cross-sectional view of the materials stack used
to realize the tactile device. They used spray patterned AgNWs
for the top electrodes and acrylamide-sodium chloride conduc-
tive hydrogel for the bottom electrodes. The transparency of
their device is demonstrated in Figure 9C. The flexibility of
this device was judged to be initially insufficient for wearable
applications. This issue could be resolved using an elastomer
as a base substrate. Koo et al. realized a wearable tactile display
based on a soft actuator, using an EAP.2%] In their design they
used a thin circular incompressible elastomer film which was
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Figure 9. Dielectric elastomer actuator based tactile displays. A) Schematic design principle and assembled device (top), and photograph of the tactile
display under operation showing the relative dimension (bottom). Reproduced with permission.[**l Copyright 2015, Springer Science+Business Media
Dordrecht. B) Interactive flexible and stretchable tactile display with integrated tactile sensors. Each stimulator of the 8 X 12 array could be stimulated
individually. Reproduced with permission.!*3l Copyright 2017, IEEE. C) Schematic cross-sectional view of the stack layers of the device (top) and photo-
graphs of the display showing the transparency of the device (middle and bottom). Reproduced with permission.'l Copyright 2017, WILEY-VCH Verlag
GmbH and Co. KGaA, Weinheim. D) Schematic illustration of device layers and actuation mechanism (top) and photograph demonstrating flexible
(middle) and wearable (bottom) tactile display. Reproduced with permission.[23*l Copyright 2008, IEEE. E) Schematic top (left) and tilted view (middle)
of a single taxel of a flexible DEA based tactile display showing the integrated transistor and DEA active region. Photograph of the haptic display with
4 x 4 taxel array showing a bending curvature of 5 mm (right). Reproduced with permission.[34 Copyright 2017, WILEY-VCH Verlag GmbH and Co.
KGaA, Weinheim. F) Photograph of a 3 x 3 tactile matrix realized using multilayer DEAs. Reproduced with permission.[®®! Copyright 2009, IEEE.

attached inside a rigid cylindrical boundary frame. The elas-
tomer deforms when a voltage is applied and forms a concave
or convex shape as shown schematically in Figure 9D. For the
electrodes, the group used spray coated carbon powder solu-
tion through a patterned mask onto the elastomer. To reduce
the driving voltage, a multilayer stack of the dielectric elas-
tomer was used which resulted in a total thickness of 210 um.
The authors demonstrated flexible and wearable tactile display
(Figure 9D) with 4 x 5 tactile cells. The device could fit on the
distal part of a human finger (Figure 9D, bottom).

6.3.2. Wearable Displays
There is a growing interest in wearable electronic devices,

including haptic devices. Conformal contact of devices with the
skin can be beneficial in such devices, aiding the consistency of
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tactile stimulation. In addition to the aforementioned example
(see Figure 9D), one wearable tactile device was demonstrated
by Frediani et al., based on dielectric elastomer actuators,?3°!
for applications in virtual reality. The device was wireless and
lightweight, and designed to wear on the fingertip. The group
used a hydrostatically coupled dielectric elastomer. An incom-
pressible fluid of spherical shape was encapsulated between
two elastomeric membranes, one of which was a dielectric
film and other of which was an electromechanically passive
membrane. The dielectric active membrane, which was coated
with electrodes, expanded upon applying an electric field to
the electrodes, which caused the passive membrane to deflect
inward, stimulating the fingertip. The membranes and the
electrodes were fabricated using acrylic elastomer and carbon
grease, respectively. Further motivation for realizing new

skin-worn devices has motivated a variety of developments and
applications.[4369.222.223.235,237.238)
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6.3.3. Reduced Voltage DEA Based Displays

As mentioned earlier, dielectric actuators usually require high
voltages, in the range of several kV. This makes the method
challenging to integrate with other electronic components.
Marette et al. demonstrated a zinc-tin oxide based transistors
integrated with a DEA based haptic display (Figure 9E). The
final device consisted of a 4 x 4 taxel array in active matrix
fashion in which each taxel can be addressed individually.
Figure 9E shows the device design with integrated transistor
and DEA active region for a single taxel. The DEA had a PDMS
membrane fabricated using a casting method. The electrodes
were transferred to both sides of the membrane. As shown
in the figure, each DEA consisted of a 4 mm diameter mem-
brane and 17 um thickness electrodes, facilitating the use of
moderate voltages. The DEA was interfaced with a transistor’s
source, drain, and gate terminals using a CO, laser. The device
remained highly compliant.

Another example was reported by Matysek et al. (see
Figure 9F).%8 In their device, the authors used a multilayer
stack of DEA materials and electrodes arranged in a checker-
board manner. As a dielectric material, they used 10 um thick
PDMS and 2 pum thick graphite powder layers as electrodes,
which was electrodeposited using a shadow mask. The elec-
trodes were locally overlapped in different layers yielding active
regions those would deform when an electric field was applied
to the electrodes.

The performance of actuators based on dielectric materials
depends on the dielectric properties of the material. However,
this property can be modulated over a wide range of values
through the addition of conducting particles. For example, Park
et al.”’l used plasticized poly(vinyl chloride) (PVC) gel to dem-
onstrate vibrotactile actuators. They mixed SiO, nanoparticles
with the PVC gel (ePVC) to increase the dielectric property
of the ePVC. The device consisted of three layers. Upper and
lower layers had the electrodes and the middle layer was a wave-
shaped ePVC gel. When an electric field is applied, the ePVC is
deformed toward the anode. The state was rapidly reversible by
removing the electric field.

6.4. Electromagnetic Tactile Displays

Electromagnetic actuation serves the majority of motion control
needs in existing devices and systems, and can achieve high
bandwidths and dynamic ranges such as are needed in many
tactile display applications. Zarate et al. developed a tactile dis-
play based on electromagnetic actuators using two soft elas-
tomeric membranes.*’] Figure 10A shows an image of their
device (top). It consisted of 4 x 4 array of vertical actuators. Each
EMA consisted of a permanent magnet partially embedded
in a soft magnetic material that was suspended between two
elastomer membranes. These parts were placed over planar
coils and were supported by an acrylic holder. When current is
applied to the coil, a force is exerted on the permanent magnet.
The bottom figures (Figure 10A) illustrate the operation of
the tactile display, by demonstrating six different states of the
actuators that correspond to different symbols. Each actuator
could be displaced up to 0.55 mm exerting 40 mN force using

Adv. Mater. Technol. 2019, 1900042

1900042 (21 of 30)

www.advmattechnol.de

1.7 W power. Although this device used elastomers to position
the magnet, the device was attached to a rigid surface, which
rendered it effectively rigid. A flexible tactile device was demon-
strated by Gallo et al. It integrated a thermal (Peltier) element,
heatsink, and temperature sensor.?'?l Figure 10B shows the
device design (top) and operation (bottom). The group used a
flexible printed circuit board (FPCB) and PDMS as base mate-
rials. As presented schematically, each taxel of the display com-
prised a permanent magnet, a coil, a core, a Peltier element,
and a heatsink. The permanent magnet was attached to the thin
PDMS membrane and aligned to the coil and to the core. In
normal conditions, the permanent magnet was latched to the
core. When a current was applied to the coil, the generated
magnetic force repelled the permanent magnet that deformed
the membrane. The final device comprised a 2 x 2 array, each
element of which could operate independently (Figure 10B,
bottom).

In another example, Son et al. developed a multimodal flex-
ible tactile display for teleoperation applications.?!!l A combi-
nation of pneumatic and electromagnetic forces was used to
actuate the display. To enable tight contact to any curved sur-
face, they used a 100 um thick PDMS layer as a base material,
yielding flexibility. Four permanent magnets with 2 coils were
integrated in the layer. The fabrication process involved PDMS
molding and microfabrication. The final device consisted of a
4 x 1 array of tactile display. The device could generate about
200 mN force and nearly 1 mm displacement while applying
300 mA pulse current for 5 ms. There are numerous examples
of haptic devices based on electromagnetic actuators, including
a number that have been developed from emerging materials,
for applications in automotive cockpits,!'**] mobile internet,?*!
and information display.[240-241]

6.5. Liquid Crystal Elastomeric Tactile Displays

Liquid crystal elastomers are particularly amenable to appli-
cations for tactile displays, since they can be easily rendered
refreshable. At the same time the devices can be soft, light,
and portable.[°"'62] As discussed earlier, the stimulation of LCE
can be performed in different manners. For example, Camargo
et al. proposed a refreshable tactile display that could be opti-
cally actuated.®! They used CNTs embedded in a LCE matrix
(LCE-CNTs) that could reversibly change shape upon stimula-
tion by light. The device contained a rigid skeleton (mold) and
a thin layer of LCE-CNTs. The specific geometry of the LCE-
CNTs was formed through a punch and die method. When
the LCE-CNT film was stimulated by light, the film expanded
and deformed locally since the rigid skeleton mechanically
supported the film elsewhere. However, their device possessed
a relatively longer recovery time (6 s), which might be consid-
ered as a drawback of the system. A similar method was used
by Torras et al. to realize another tactile display.[®?!

6.6. Composite Material Displays
Although there are often several possible tactile dis-

play devices that can be formed from any of the actuation
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Figure 10. Electromagnetic tactile displays. A) Photograph of a tactile display based on electromagnetic actuation showing 4 x 4 taxel haptic display
(top) in a 3D printed interface. Images of the tactile display showing six different actuation states presenting six different symbols. Reproduced with
permission.'*] Copyright 2016, IEEE. B) Schematic device design showing different parts of a single taxel. An image of a final tactile device showing
actuation of each cell individually (bottom). Reproduced with permission.2'? Copyright 2015, Elsevier B.V.

principles described in the foregoing, in practice, realizing
a functional device requires the composition of multiple
materials and functionalities. This increases the complexity
of the processes used to create the device, and of the device
itself, but is essential for practical applications. As one
example, Hatada et al. realized a “Haptoskin,” which com-
prised a flexible sheet type tactile display.”* The group used
CNTs as electrodes, which were sandwiched in between
two PDMS insulators to generate electrostatic vibrations. A
MEMS-compatible fabrication process was used to realize
the device. Since the CNT and PDMS are flexible and trans-
parent, the final tactile display demonstrated high flexibility
and transparency.

6.6.1. Composite Refreshable Braille Displays

Realizing a refreshable Braille display is technologically
demanding, but the requirements, expressed in terms of

Adv. Mater. Technol. 2019, 1900042 1900042

spatial or temporal resolution, are less severe by 2-3 orders
of magnitude. For this reason, they provide a valuable bench-
mark, and an application that can be of great assistance to
those in need. Kato et al. realized a flexible Braille display
based on IPMC with integrated transistor.'*}! Figure 11A
shows the schematic cross-section of the device presenting
multilayer materials stack in the device (top). The dis-
play consisted of a transistor part and an actuator part. The
authors used 300 um thick Nafion as base polymer which was
immersed inside dichloro-phenanthroline-gold (III)-chloride
complex ([AuCl,(phen)Cl]) solution overnight for impreg-
nating Au ions into the Nafion membrane. The membrane
was then coated with an electroless plating inside a sodium
sulfite solution repeatedly to increase the capacitance of the
membrane. Finally the actuators were immersed inside a
lithium chloride solution to increase the speed, displace-
ment, and force by exchanging protons with lithium ions.
When a voltage is applied to the membrane it deflects rising
up a PDMS membrane placed on top of the Nafion film. The

(22 of 30) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 11. Tactile displays based on composite materials. A) Demonstration of a sheet-type Braille display. Schematic design of a single Braille dot
based on heterogeneous materials approach showing different device layers and materials (top). Photographs of the Braille sheet display showing sev-
eral English letters, by actuating individual Braille dots (bottom). Reproduced with permission.l'33 Copyright 2007, IEEE. B) Schematic presentation of
activation mechanisms of PNIPAM polymer through thermal excitation (left) and a photograph of a GelTouch tactile display attached to a touch screen
(right). Reproduced with permission.l®3l Copyright 2015, the authors, published by ACM. C) Ag nanowire based stretchable tactile display. Schematic
illustration of the bistable electroactive polymer based stretchable tactile display (top) and photographs of the BSEP based tactile display, a Braille dot
under test (bottom). Each Braille dot could respond to different areal strain (right) based on the applied electric field. Reproduced with permission.52l

Copyright 2012, WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim.

actuators could show a displacement of 0.4 mm with a force
of 1.5 gf at 2.5 V applied voltage. The group realized a 12 x 12
rectangular actuators array. The bottom photographs show
the operation of the tactile display. Each Braille dot could be
addressed individually via the device-integrated transistor.
The English letters “1,” “w,” “b,” and “f” were reproduced
as examples. A similar system was described by Okuzaki
et al., who realized a tactile display based on a linear actu-
ator that they developed using humido-sensitive conductive
polymer.#2l They used PEDOT/PSS with various concentra-
tions of poly(4-styrenesulfonate) as the conductive polymer.
When 10 V DC bias was applied to a 50 mm long, 2 mm wide,
and 16 um thick PEDOT/PSS film, the film contracted signifi-
cantly due to the desorption of water vapor in the film since
passing current produces Joule heating. The authors used
this film to realize a linear actuator by which they realized a
tactile display. The actuated Braille cell could display Japanese
Braille characters.
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6.6.2. Thermoresponsive Gels

Thermoresponsive gels are polymer materials whose mechan-
ical state is altered through the application of heat. They are also
interesting for tactile application since they are soft, flexible,
and can be transparent. Miruchna et al. developed a system they
called GelTouch using a programmable gel.l®] The composite
gel was realized using polymeric poly(N-isopropylacrylamide)-
based network (PNIPAM), which is thermoresponsive. This
hydrogel changed viscoelasticity and transformed soft to stiff
by swallowing water due to thermal excitation. Figure 11B (left)
schematically presents the mechanisms of the PNIPAM, the
nonactive soft hydrogel becomes stiff when thermally activated.
This activation of the polymer also results in an expansion or
contraction based on their activation. The group realized a func-
tional prototype based on this polymer (Figure 11B, right). They
used an engraved ITO layer with a 6 X 4 array of electrodes that
could address each element of the display individually.
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6.6.3. Multiactuated Systems

In many cases, multiple methods of actuation are combined
in order to create highly functional displays. Yun et al. real-
ized a stretchable tactile display using a bistable electroac-
tive polymer (BSEP) and Joule heating.*?l The material they
developed combined shape memory and dielectric poly-
mers functionalities. The BSEP was developed using shape-
memory polyurethane block copolymer (PU) mixing with
multiwalled carbon nanotubes (MWNTS), polypyrrole (PPy),
and PPy-coated MWNTs. Additionally, for stretchable elec-
trodes, they used silver nanowire—polymer composite with
a low sheet resistance. The electrodes could sustain 140%
strain without degrading in conductivity. Figure 11C (top)
shows a schematic illustration of the tactile display based
on BSEP and AgNWs composite. When an electric field was
applied to the composite electrodes, it generated Joule heating
which deformed the BSEP. The photographs of the tactile
display under operation while touched by a finger (bottom)
are presented in Figure 11C. The BSEP could achieve dif-
ferent areal strain while applying different electric field to the
AgNW composite electrodes that led to different Joule heating
(Figure 11C, right).

A similar approach was used by Qiu et al. who realized a
high resolution pneumatic tactile display based on BSEP and
serpentine-patterned carbon nanotubes.’?l The device con-
sisted of a pneumatic part and a BSEP part, and comprised
4 x 4 taxels. The authors reported that the device could exert
large stroke and could provide high blocking force. At the same
time the device could operate at a low voltage supply with a
fast response.

6.7. Summary: Advanced Material Technologies for Haptics

The foregoing discussion on haptic devices related to advanced
materials clearly indicates that the field has been growing
rapidly and numerous functional devices have been dem-
onstrated. The mechanical properties of these devices are
also highly important, since haptic devices or tactile displays
directly interact with human skin or finger. Engineers have
demonstrated a number of wearable tactile displays based on
both rigid electronics and flexible electronics. This article has
described many of the devices that have been created to date, in
this highly active area of research.

Stretchability is also another mechanical phenom-
enon of electronic devices that has attracted attention
for some particular applications. In principle, to make a
conformal contact to the body only flexibility is not suffi-
cient, this also requires at least some level of stretchability.
There are two ways to realize stretchable system. The first
approach uses conventional nonstretchable rigid compo-
nents as active materials and make the interconnections
stretchable, whereas second type uses intrinsically stretch-
able components and interconnects. However, both types
require stretchable substrate. Although most of the reported
examples of the stretchable haptic devices are related to
sensing[*9251:252] and robotic,[2>32°4 there are a few examples
of stretchable tactile displays®%°272% based on stretchable
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Table 4. Selected tactile display technologies based on emerging mate-

rials and methods.

Materials Fabrication methods Reference
Pneumatic actuators
PDMS Microfabrication [206,207]
PDMS Micromachining, molding [73,243]
PDMS, polyeurethane Molding [209,210]
PDMS, SMP Casting, 3D printing [219]
PDMS, acrylic Molding [244]
CNT, BSP, urethane diacrylate Microprocessing [72]
DEA, hydrogel, silicone Microprocessing and casting [245]
Electroactive polymer actuators
Silicone tube Micromachining [246]
Hydrogels, PDMS Microfabrication, molding [102,133]
lonic conducting polymer gel Mechanical [247]
PDMS, conductive hydrogel, ~ Microprocessing and molding [51]
Ag NWs, PEDOT:PSS
Graphene, dielectric elastomer Microprocessing [50]
Cellulose, conductive ink Screen printing [53]
PET, conductive ink Inkjet printing [225]
P(VDF-TrFE-CTFE), elastomer Transfer printing [227]
Electrostatic force actuators
PDMS Microfabrication [206,207]
PDMS, metal coil Molding [137]
PDMS, graphite Microprocessing [98]
PDMS, ITO Microprocessing and molding [213,214]
Si, silicone Microfabrication and [248]
micromachining
Dielectric elastomer Molding and microprocessing [99,249]
Elastomer, carbon powder Molding [215]
PDMS, CNT Microfabrication [54]
Electromagnetic actuators
PDMS Microfabrication [206,207]
PDMS, gold membrane Molding and microfabrication [208,216]
PDMS, magnet Molding and microfabrication [211,212]
Si, polymer Microfabrication [136]
Cellulose electroactive paper Silk screening [53]
Fluidic actuators
Dilatant fluid Mechanical [250]
MREF, poly-oi-olefin Mechanical and molding [59]
MRF, PU foam Dip coating [60]
Liquid crystal elastomeric actuators
LCE, CNTs Molding and mechanical [61,62]
Gel actuators
Hydrogel Micromachining [63,64]

1900042 (24 of 30)

actuators. Some of these devices have been discussed ear-
lier and Table 4 presents a short literature review on haptic
devices, their mechanisms, and methods used to realize
the devices.
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7. Advanced Materials Technologies: Toward
a Tactile Revolution

Analog and digital electronic advances of the past century
quickly sparked excitement for the possibility of realizing elec-
tronic displays that could reproduce the appearance of familiar
objects, people, scenes, and experiences, through video,
sound, and even touch. Audiovisual displays—from TV to VR
headsets—have found applications far beyond any that were
envisaged at the time they were created, greatly impacting edu-
cation, industry, and culture. The possibility of realizing similar
displays for the sense of touch has also attracted considerable
attention. However, such devices have steadfastly remained
beyond the state-of-the-art.

One reason for this can be traced to the extraordinary human
capacities for perceiving objects, surfaces, and scenes via the
sense of touch, which rival those of the visual and auditory sys-
tems. Touch sensing relies on mechanical signals that span an
exceptionally large range of length- and time-scales, including
forces and displacements that vary at sub-micrometer length
scales and millisecond time scales. Existing technologies short
of being able to reproduce such sensations by several orders
of magnitude.

A second reason that perceptually accurate tactile displays
have eluded realization is that it has proved impractical, in
cost and complexity, to realize devices capable of simulating
distributed, high-resolution, high-speed, and high dynamic
range mechanical signals via conventional micromechanical
systems. An interesting comparison can be made to the his-
tory of computers. Precomputing inventions, including those
of Pascale, Jacquard, and Babbage, were mechanical. These
proved impossible to scale to general-purpose computing tasks.
Dozens of advances in electronic technologies for computing—
proceeding in stages through electromechanical relays, vacuum
tubes, transistors, and integrated circuits—were required
before modern computers could be built. Eventually, these
innovations allowed powerful computers to be integrated into
compact devices smaller than a wristwatch. Analogous break-
throughs will be needed in order to realize general purpose tac-
tile displays, but the needed developments are fundamentally
different from those that enabled the computing revolution.
Realizing such displays will require new material technologies
that can bridge the electronic and mechanical domains at the
smallest scales.

Today, the path forward is being led by advancements
in materials science and engineering, and in methods for
designing and fabricating these materials into functional
devices and systems. Among the promising developments are
those in functional organic materials (whose intrinsic proper-
ties of flexibility, stretchability, transparency, and self-healing,
which can mirror those of natural biological tissues), emerging
nanomaterials with surprising electronic properties, and new
methods for multimaterial and multiscale fabrication. This
article has reviewed an array of emerging material technolo-
gies for haptic feedback. Some of these could one day comprise
important milestones in the development of commodity tactile
display devices.

Despite considerable research effort, no current technolo-
gies can match the sensory capabilities of the tactile skin. To
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ameliorate this situation will require advances in several key
areas, including the three that we highlight here. The first is to
achieve large surface area distributed actuation with fine resolu-
tion, high speed, and large amplitudes (or, together, large curva-
ture variations). To achieve this will require highly responsive,
elastic functional composites that can achieve high forces within
application constraints, such as moderate voltages. This points
to a second major challenge, which is to improve the actuation
power density (and thus achievable range of forces and band-
widths) of functional materials. For example, one promising
family of actuators comprises electrostatic polymer composites.
To improve the performance and applicability of these devices
will require fundamental advances in organic electronics,
including high-k dielectric materials, high dielectric strength
insulators, and highly conductive compliant electrodes. Third,
we point to the need for new multimaterial, multiscale design
and fabrication methods, including automated tools and systems
for the design and fabrication of complex multimaterial devices
for mass manufacturing. Some of these methods may parallel
techniques that have been developed for conventional devices
and integrated circuits, while others may leverage unique pos-
sibilities for manufacturing new materials, such as multiphoton
lithography and roll-to-roll manufacturing of organic electronics.

While the challenges are considerable, the very active nature
of research in these areas suggests that the currently large gap
between display requirements and the state-of-the-art will con-
tinue to shrink. This may lead to future tactile displays that
will attain widespread applications, with commensurately large
implications for human society and economy.
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